Growth of SiGeC Alloys
Sii_ I _ y Ge I C y , alloys have been actively investigated for use in heterojunction devices compatible with Si. Using the following values for the lattice constants of Si, Ge and C: a$i = 0.54309 nm, a Ge = 0.56576 nm and a c -0.35667 nm, and assuming Vegard's Law, we obtain the condition on the ratio of Ge and C atomic fractions for lattice-matching to Si: x/y = 8.2.
For Gei-yCy, binary alloys, the composition Geo.89Co.11 is predicted to be lattice-matched to Si.
In thermodynamic equilibrium, the solid solubility of C in Ge has been estimated to be less than 10 19 cm~3. Metastable alloys, however, can be successfully prepared by molecular beam epitaxy (MBE) at relatively low growth temperatures. Our Sii_ x _j,Ge x Cj,, alloys were grown in an EPI 620 MBE system having six effusion cell ports and a substrate introduction chamber.
The growth chamber base pressure was below 5 x 10" u Torr. During growth a liquid He-cooled cryopump and an ion pump were used and the typical chamber pressure was 5 x 10 -9 Torr.
A chilled mixture of ethylene glycol and water continually circulated in the growth chamber cryopanels to avoid thermal cycling which could loosen flakes of dust from the residues of previous growths and thus contaminate growing layers.
The Si source used a novel crucible of TiB 2 ceramic coated on the outside with W, and used in a high temperature effusion cell. The intention was to avoid possible irradiation damage during electron beam evaporation. The Ge molecular beam was produced by thermal evaporation from a solid source of zone-refined polycrystalline Ge loaded into a pyrolytic boron nitride crucible. To avoid contaminating the Ge with B from the crucible, cell temperatures were kept below 1380 °C. At a cell temperature of 1350 °C, the Ge growth rate was 0.07 /rni/hr. The SiGeC alloys are attractive because their lattice constants, energy gaps {E^s) and conduction and valence band offsets (A£V and AEc, respectively), vary over the full range of compositions. The optical, absorption at photon energies near the bandgap was measured at room temperature by Fourier Transform Infrared Spectroscopy (FTIR) in the transmission moder Figure 1 shows a blue shift in the absorption coefficient a versus photon energy with increasing C atomic fraction corresponding to an increase in the energy gap E g . Interference effects made it difficult to observe changes in the slope of a at low values so we estimated the bandgap E g as the energy at which a= 0.5 cm -1 , which gives E g for Ge. The bandgaps given in Table I exceed that of Ge and this is attributed to the alloy-effect of substitutional C rather than to the effects of strain which reduce E g [9] . and an IEEE interface with a 386-based personal computer for data acquisition. Data can be downloaded to a SUN workstation network for data manipulation, archival storage and plotting.
Wavelength (jim) Sio.08Geo.9Co.02 (SGC 19). Intensity peaks were attributed to no-phonon (NP) exciton recombination and to associated optical phonon (TO) replicas at lower energies. Measurements made in collaboration with Prof. P. Berger.
Energy Band Offsets
We have begun measurements of the valence band offsets of SiGeC alloys using X-ray photoelectron spectroscopy (XPS) which is widely considered to be the most accurate and least ambiguous technique. These offsets are not yet known for SiGeC alloys.
Since X-ray photoelectron spectroscopy gives information about both the valence band and the core electron levels, by correlating the two it is possible to calculate the band offset. Our approach is to obtain high resolution spectra of the valence band and the core levels. Any of the core level peaks can be used for this purpose, i.e., Si, Ge, or C. Both Ge and Si core levels are well defined and conveniently identifiable whereas C levels are complicated by adventitious C that is inevitably present on the surfaces of samples. The difference in the valence band maximum, E v , and the core level, E C L, w iU be measured for each of the samples. The valence band maximum itself can be easily identified by comparing the XPS results with the theoretically calculated density of states (using the muffin-tin orbital method and density functional theory) [7] . The differences between the core levels AECL on the heterojunctions of SiGeC alloys with Si can then be measured. The valence band discontinuity can then be calculated by:
From the change in the optical band gap AE g versus composition, obtained from optical transmission measurements, the conduction band offset (AEc) for the samples can be calculated:
4 Summary 1. We have designed, purchased and installed an MBE system for growing the ternary alloy:
2. We have designed, installed, and tested software for a PC computer system to control MBE growth conditions, including shutter position, and temperature.
3. We have found that the non-equilibrium, low temperature growth conditions of molecular beam epitaxy can produce crystalline Sii-x -y Ge x C y alloys in which the C and Ge atoms are substitutional on silicon lattice sites oriented to the (100) Si substrate, 4. We have also grown the binary alloy GeC, 5. We have measured the lattice constant of the alloys by X-ray diffraction (XRD), 
